Introduction
According to Serjeant, 1 potentiometry mainly embraces two types of methodology. One is known as analysis by direct potentiometry; here we may deduce the concentration of the species directly from the value of the measured potential. The other type of interest is centered on the determination of the equivalence volume for a titrimetric reaction by monitoring the potentials. The latter is applied to any titrimetric method by using acid-base, precipitation, complexation and redox reactions. Reactions used for the potentiometric titration should have a large equilibrium constant to obtain a large potential break in the vicinity of the equivalence point. In a redox reaction involving metal ions, the equilibrium constant, K, can be estimated from the standard potentials, E˚M and E˚N, of two redox systems of different metal ions, M and N. If one assumes that the equilibrium constant K of a redox reaction is greater than about 10 8 , the difference in the standard redox potentials between two redox couples should be larger than 0.47 V in the case of the redox reaction involving a one-electron transfer. Under this condition, the potentiometric titration can be performed with satisfactory accuracy. It is well known that the presence of a suitable complexing agent modifies the potential of a redox system involving metal ions. 1,2 This phenomenon has a potential capacity for the development of novel redox systems which are applicable to new titrimetric analyses and/or new wet-chemical analyses. Therefore, the use of the effect of complexing agent on the redox reaction has been recognized as offering valuable approach to novel potentiometry and these methods have been the subject of review. 3 Belcher and West 4 showed that the redox reaction of copper(II) with iron(II) proceeds quantitatively in the presence of sufficient amounts of thiocyanate to form a copper(I) thiocyanate as a white precipitate and a blood-red colored hexathiocyanatoferrate(III).
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The redox potential of a system involving metal ions can be modified by the complexation of metal ions with a suitable ligand. By using this phenomenon, novel redox systems which are applicable to quantitative analyses of metal ions have been developed. Some potentiometric titrations of metal ions and new types of spectrophotometric determinations of metal ions and complexing agents based on the ligand effect are presented in full detail. Estimation of complexing capacity in natural water and a new kinetic-catalytic method for copper(II) are also discussed. In addition, novel potentiometric flow titration has been proposed based on the relationship of the flow rates between titrant and sample solutions. Rao 5, 6 have determined copper(II) with iron(II) in a concentrated phosphoric acid medium in the presence of thiocyanate by means of potentiometric and visual titration methods. Gopola Rao and Sagi 7 showed that the formal redox potential of the Fe(III)/Fe(II) system decreases steeply with increasing the concentration of phosphoric acid. Pulla Rao et al. 8 have also proposed a direct potentiometric titration of copper(II) with iron(II) at pH 3.95 -4.92 in the presence of thiocyanate and oxalate. Vydra and Pribil 9,10 have studied the oxidation of cobalt(II) with iron(III) in a weakly alkaline solution in the presence of 1,10-phenanthroline (phen); they developed the potentiometric and colorimetric titrations of cobalt(II) with iron(III) in the presence of phen and showed that the effect of phen on the redox potential of the system Fe(III)/Fe(II) is greater than that on the system Co(III)/Co(II). Tanaka and Ishida 11 made a quantitative evaluation of the complexing agent on the redox reaction and proposed a new potentiometric titration of vanadium(V) with iron(II) in the presence of excess EDTA and of vanadium(V) with EDTA in the presence of excess iron(II) based on equilibrium considerations. However, there are comparatively few such studies after that, and the effect of ligand is not evaluated in full detail by quantitative considerations in these studies. [4] [5] [6] [7] [8] [9] [10] On the other hand, flow injection (FI) method has many advantages over the batch method, viz., rapid and reproducible mixing of sample and reagents can be achieved within a closed flow system without any contamination, and a large number of samples can be measured automatically in a short time. 12 Furthermore, the adaptation of FI method to potentiometry can also lead to the development of simultaneous determinations of one or more species in a sample by a suitable combination of the flow lines.
In the present review, the theoretical considerations of the effect of ligand on a redox system involving metal ions are discussed, and applications to potentiometric titration of metal ions and new types of spectrophotometric flow-injection (FI) method based on the redox reaction in the presence of a suitable ligand for the determination of one or several components, complexing agents, complexing capacity in natural water and glucose are presented in full detail. In addition, a new potentiometric flow titration is presented, and a redox system based on the ligand effect is applied to a new indicator reaction in the kineticcatalytic spectrophotometric FI method for copper(II) determination.
Theoretical Basis of Ligand Effect on Redox Reaction
The equilibrium constant KM-N of the following redox reaction (1) is given by Eq. (2):
where m and n are the number of moles of electrons in the redox systems of MOx/MRex and NOx/NRed, respectively. E˚M and E˚N are the standard potentials of these two systems. A potential break is quite sharp under the condition where the difference of potentials between both systems is ca. 0.5/nm V, i.e., log KM-N is larger than 8. This condition can be attained in the presence of a suitable ligand. If a ligand (L) forms complexes with M and nm ---0.059
N, the conditional equilibrium constant K′M-N is given by Eq. , the presence of a suitable ligand which forms more stable complexes with MRed than MOx and/or with NOx than NRed shifts the equilibrium toward the right-hand side and thus makes possible the direct titration of NRed with MOx. On the basis of this ligand effect, we have developed new methods for potentiometric titration 13, 14, 18, [22] [23] [24] and flow analysis. 25, [27] [28] [29] [30] [31] [33] [34] [35] [36] 40, 48, 51 3 Potentiometric Titration
3·1 Effect of ligands on the redox reactions of chromium(VI) and copper(II) with iron(II)
A redox reaction of chromium(VI) with iron(II),
quantitatively proceeds to the right hand side of Eq. (4) at a strongly acidic condition. However, the potentiometric titration of chromium(VI) with iron(II) using this reaction is impossible at pH 2, because the conditional potential of the Cr(VI)/Cr(III) system, E ′Cr(H), decreases with increasing pH as can be seen in Eq. (5):
Potential breaks in titration curves of chromium(VI) with iron(II) are tested in the presence of phosphate, diphosphate and fluoride. A remarkable potential break of ca. 200 mV at the equivalence point is observed only in the presence of diphosphate, because of the decrease in the conditional potential of the Fe(III)/Fe(II) system even if the pH of the solution is 2. 13 The effects of phosphate and fluoride are small. The equilibrium constant of the redox reaction of copper(II) with iron(II),
can be calculated as 10 -10.5 from the standard redox potentials of the Cu(II)/Cu(I) and Fe(III)/Fe(II) systems. The direct titration of copper(II) with iron(II) is thus impossible. However, the equilibrium of Eq. (6) shifts to the right hand side in the presence of a ligand forming more stable complexes with iron(III) than with iron(II) together with another ligand forming more stable complexes with copper(I) than with copper(II). 13 In this system, diphosphate and EDTA are selected as ligands for iron(III), and neocuproine is chosen as a ligand for copper(I).
The addition of a ligand increases the sharpness of the endpoint, while the potential break is not observed in the absence of any ligand. In addition, the use of two ligands of diphosphate and neocuproine further improved the potential break at the equivalence point more than in the case of one ligand. Titration curves in the presence of diphosphate and neocuproine and in their absence are shown in Fig. 1 . 
3·2 Effect of ligands on the redox reactions of vanadium(V) with iron(II) and of vanadium(IV) with iron(III)
The effects of ligands on the titration of vanadium(V) with iron(II) (reaction (7)) were studied. 14 VO2 + + Fe 2+ + 2H + VO 2+ + Fe 3+ + H2O
The conditional potential of the V(V)/V(IV) system, E ′V(H), is affected by varying the pH of the solution; it decreases with increasing pH.
Direct titration of vanadium(V) with iron(II) thus becomes difficult at higher pH ranges. However, if a ligand forms more stable complexes with iron(III) than with iron(II) and/or with vanadium(IV) than with vanadium(V), vanadium(V) can be titrated with iron(II). Citrate, diphosphate, EDTA, fluoride, salicylate and tartrate were studied with reference to their stability constants with iron(III). The conditional potential of the Fe(III)/Fe(II) system is lower than that of the V(V)/V(IV) system in the presence of citrate, diphosphate and EDTA in the pH ranges 5 -10, 1 -8 and 2 -5, respectively. When EDTA is used as a ligand, the potential before the equivalence point becomes lower with increasing EDTA concentration. This is attributed to the unfavorable formation of the V(V)-EDTA compared to that of the V(IV)-EDTA complex. To avoid the formation of the V(V)-EDTA complex, we tried to use a ligand buffer with zinc(II) in excess over EDTA. [15] [16] [17] Figure 2 shows the formal potentials of equimolar mixtures of iron(II) and iron(III) as well as vanadium(IV) and vanadium(V) at various pH values in the presence of a Zn-EDTA ligand buffer. The use of this ligand buffer is found to be very effective for improving the end-point detection in the titration, preventing the formation of the V(V)-EDTA complex ( Fig. 3 ). 14 The conditional potential of the Fe(III)/Fe(II) system increases in the presence of 2,2′-bipyridine (bpy) and phen, because the stability constants (log β3) of the Fe(II)-bpy and -phen 903 ANALYTICAL SCIENCES SEPTEMBER 2000, VOL. 16 complexes are higher than those of the Fe(III)-bpy and -phen complexes. The conditional potential of the Fe(III)/Fe(II) system is sufficiently higher than that of the V(V)/V(IV) system in the pH range 3 -6 in the presence of bpy and phen ( Fig. 4 ). Thus vanadium(IV) can be titrated with iron(II) with sufficient potential break of ca. 49 mV per 0.01 cm 3 of iron(III) solution in the presence of bpy and phen. 18 VO 2+ + Fe 3+ + H2O VO2 + + Fe 2+ + 2H + (10)
3·3 Effect of ligands on the redox reactions of cobalt(II)
with vanadium(V) and with chromium(VI) From the standard redox potentials of the V(V)/V(IV) (1.00 V vs. NHE), Cr(VI)/Cr(III) (1.33 V vs. NHE) and Co(III)/Co(II) (1.81 V vs. NHE) systems, the direct titration of cobalt(II) with vanadium(V) and/or with chromium(VI) is impossible even if the titration is carried out in a strong acid medium. However, if bpy and/or phen forms complexes with cobalt(III) and cobalt(II), the conditional redox potential of the Co(III)/Co(II) system becomes lower than that of the V(V)/V(IV) system at pH 0.7 -1.0 and the Cr(VI)/Cr(III) system at pH 1 -2, because the αCo(III)(phen) value is larger than the αCo(II)(phen) value. Therefore, the oxidation reaction of cobalt(II) to cobalt(III) by vanadium(V) and/or chromium(VI) should be favored and the potentiometric titration can be performed in the presence of bpy and/or phen. 18
Cr2O7 2-+ 6Co 2+ + 14H + 2Cr 3+ + 6Co 3+ + 7H2O (12) Figure 5 shows the titration curve of cobalt(II) with chromium(VI) in the presence of phen. In addition, a visual end-point detection was examined for the titration of cobalt(II) with chromium(VI) in the presence of phen by using Methylene Blue, Variamine Blue B, diphenylamine, and 4diphenylaminesulfonate as redox indicators. When Variamine Blue B is used, the color change from yellow to violet is observed in the vicinity of the equivalence point. 18 The results are summarized in Table 1 .
3·4 Potentiometric titration of cobalt(II) with cerium(IV) in the presence of phen
It is well known that cerium(IV) sulfate has been used as a titrant for the determination of various reducing substances such as oxalate, iron(II), arsenic(III), and antimony at room temperature in the presence of iodine chloride or potassium bromide as a catalyst 19 and vanadium in the presence of sulfuric, hydrochloric or perchloric acids at 70 -75˚C 20 or 50 -60˚C. 21 However, no methods have been reported for cerimetric titration on the basis of the ligand effect. The equilibrium constant (KCe-Co) of the redox reaction of cobalt(II) with cerium(IV) is calculated as 10 -3.6 from the standard potentials of the Ce(IV)/Ce(III) (1.61 V vs. NHE) and Co(III)/Co(II) (1.82 V vs. NHE) systems.
Thus we showed that the cerimetric titration can be performed for cobalt(II) determination in the presence of phen, since the conditional potential of the Co(III)/Co(II) system greatly decreases in the presence of phen and is sufficiently lower than that of the Ce(IV)/Ce(III) system. 22 904 ANALYTICAL SCIENCES SEPTEMBER 2000, VOL. 16 
3·5 Successive titrations of binary systems of metal ions 3·5·1 Successive titration of chromium(VI) and iron(III) with cobalt(II) in the presence of phen
The standard redox potential of the Co(phen)3 3+ /Co(phen)3 2+ system is reported as 0.37 V by the analysis of potentiometric titration curve of cobalt(II) with iron(III) in the presence of phen at pH 2. 9, 10 Fe 3+ + Co 2+ Fe 2+ + Co 3+ (14) By using reactions (12) and (14), successive potentiometric titrations of chromium(VI) and iron(III) with cobalt(II) in the presence of phen are possible. 23 Two large potential breaks are observed at equivalence points when the titration of a mixture of 5 × 10 -4 mol dm -3 chromium(VI) and 1 × 10 -3 mol dm -3 iron(III) with cobalt(II) is carried out; the first potential break corresponds to the reduction of chromium(VI) to chromium(III) by cobalt(II) and the second one corresponds to the reduction of iron(III) to iron(II) by cobalt(II), respectively. The proposed method is successfully applied to the determination of chromium and iron in high carbon ferrochromium issued by the Japan Iron and Steel Federation. 3·5·2 Successive titration of iron(II) and iron(III) in the presence of phen A novel successive potentiometric titration of iron(II) and iron(III) was also developed by using reactions (4), (12) , and (14) in the presence of phen. 24 Firstly, in the absence of phen, a known amount of chromium(VI) is added in excess to a sample solution containing iron(II) and iron(III) at pH around 1 so that iron(II) can be oxidized to iron(III). After the pretreatment, the sample solution containing excess of chromium(VI) and iron(III) (total iron) is titrated with a standard cobalt(II) solution in the presence of phen. The concentrations of iron(II) and iron(III) can be calculated from the first and second potential breaks. The method is successfully applied to the determination of total iron in standard iron-ore samples and to the successive determination of iron(II) and iron(III) in a Mosan iron-ore sample. The analytical results are shown in Tables 2 and 3.
Utilization of Potentiometry of Metal Ions in Flow Analysis
4·1 FI determination of a single metal 4·1·1 Determination of iron(II)
A redox reaction of copper(II) with iron(II) (reaction (6)) is favored in the presence of neocuproine together with diphosphate because of the complex formation of the copper(I)neocuproine and iron(III)-diphosphate.
The produced copper(I)-neocuproine complex has an absorption maximum at 454 nm, and iron(II) can thus be determined with spectrophotometric detection. 25 The two-lines flow system consists of a water carrier solution and a mixed solution of copper(II)/neocuproine/acetate buffer. The linear calibration graph is obtained in the range 2 × 10 -6 -8 × 10 -5 mol dm -3 iron(II) at a sampling rate of 80 h -1 . The detection limit (S/N = 3) of the method is 2 × 10 -7 mol dm -3 iron(II). The RSDs (n = 10) are 0.8 and 0.1% for 4 × 10 -6 and 4 × 10 -5 mol dm -3 iron(II), respectively. Vanadium(IV) shows a serious positive error when it exists at the same levels as iron(II) because the reduction reaction of copper(II) with vanadium(IV) takes place in the presence of neocuproine.
4·1·2 Determination of vanadium(IV)
The equilibrium constant of the redox reaction (15) is calculated as 10 -14.4 at pH = 0 from the standard redox potentials of the V(V)/V(IV) and the Cu(II)/Cu(I) systems in the absence of any ligand.
Since the conditional potential of the V(V)/V(IV) system, E ′V(H), decreases with increasing pH as is seen in Eq. (9), the conditional equilibrium constant, K′Cu-V, increases with increasing pH. However, the K′Cu-V is only 10 -2.4 even at pH 6.
On the other hand, the redox reaction indicated by reaction (15) should be favored in the presence of neocuproine because log β2 value of the copper(I)-neocuproine complex (19.1) is larger than that of the copper(II)-neocuproine complex (11.7). 26 In the presence of neocuproine, the K′Cu-V is calculated as 10 5.2 at pH 6. Thus, vanadium(IV) can be determined by measuring the absorbance of the copper(I)-neocuproine complex at 454 nm. 27 The two-lines flow system with water as a carrier and a mixture of copper(II) and neocuproine for vanadium(IV) determination is used and vanadium(IV) can be determined in the range 2 × 10 -6 -8 × 10 -5 mol dm -3 with a sampling rate of 120 h -1 . The detection limit (S/N = 3) of the method is 2 × 10 -7 mol dm -3 vanadium(IV) and the repeatability of the method is satisfactory with low RSDs of 8.9, 0.7 and 0.2% for 4 × 10 -7 , 4 × 10 -6 and 3 × 10 -5 mol dm -3 of vanadium(IV), respectively.
4·1·3 Determination of chromium(VI)
A new spectrophotometric FI method for chromium(VI) determination was developed by using reactions (4) and (6) in the presence of diphosphate and neocuproine. 28 A flow system for chromium(IV) is shown in Fig. 6 . The baseline absorbance is kept constant as a result of the complex formation of the copper(I)-neocuproine in RC3 according to reation (6) . When the chromium(VI) solution is injected into the carrier stream, the amount of iron(II) decreases in RC2 according to reaction (4) . Consequently, the amount of the copper(I)-neocuproine produced decreases so that the negative peak corresponding to the concentration of chromium(VI) is obtained. The linear calibration graph is obtained in the range 4 × 10 -7 -2 × 10 -5 mol dm -3 chromium(VI) at a sampling rate of 60 h -1 . The detection limit is 2 × 10 -7 mol dm -3 (0.01 µg cm -3 ) (S/N = 3), and the RSD 905 ANALYTICAL SCIENCES SEPTEMBER 2000, VOL. 16 is 0.5% for ten determinations of 8 × 10 -6 mol dm -3 chromium(VI).
4·2 Simultaneous FI determination of binary systems of metals 4·2·1 Determinations of iron(II) and vanadium(IV)
We have developed a simultaneous FI determination of iron(II) and vanadium(IV) by using reactions (6) and (15) . 29 It is based on the difference in the reduction rate of copper(II) between iron(II) and vanadium(IV) in the presence of neocuproine and/or diphosphate. Redox reaction of copper(II) with iron(II) rapidly occurs in the presence of these two ligands, and the copper(I)-neocuproine complex (λmax = 454 nm) is produced, but it occurs very slowly in the presence of neocuproine alone. On the other hand, the reduction reaction of copper(II) with vanadium(IV) rapidly occurs even in the presence of neocuproine alone. Therefore, the simultaneous FI determination of iron(II) and vanadium(IV) would be possible, i.e., the amounts of iron(II) can be obtained by subtracting the amounts of vanadium(IV) from the total amounts of both ions. In the flow system, a water carrier solution, a mixture of copper(II) and neocuproine (pH 5.6), a diphosphate solution and water in each reservoir are pumped into the flow line and then the flow path of diphosphate solution and water is alternatively changed by a valve. A sample solution containing iron(II) and vanadium(IV) is injected by a double six-way valve into the carrier stream, which is then separated into two streams by a separation coil. After the separated sample solutions are merged with a mixture of copper(II) and neocuproine, the other valve is turned so that the first portion of the sample solution merged with water, while the second portion merged with a stream of diphospohate solution. Two peaks are then obtained by monitoring the absorbance of the copper(I)-neocuproine complex at 454 nm. The first peak corresponds to the amounts of vanadium(IV) and the second one corresponds to the total amounts of iron(II) and vanadium(IV). The linear calibration graphs for iron(II) and vanadium(IV) are obtained in the range 2 × 10 -5 -1 × 10 -4 mol dm -3 at a sampling rate of 30 h -1 (60 peaks h -1 ). The recoveries of both ions for composite samples are found to be satisfactory with good precision.
4·2·2 Determinations of vanadium(IV) and vanadium(V)
A new FI method has been proposed for the simultaneous determinations of vanadium(IV) and vanadium(V) with photometric detection. 30, 31 The method is based on redox reactions of vanadium(V) with iron(II) (reaction (7)) and vanadium(IV) with iron(III) (reaction (10)) in the presence of diphosphate and phen, respectively. The redox reaction of vanadium(IV) with iron(III) (reaction (10)) completely proceeds in the presence of phen, producing the red iron(II)-phen complex (λmax = 510 nm) because log β3 of the iron(II)-phen complex (21.3) is larger than that of the iron(III)-phen complex (14.1). 32 Vanadium(IV) can thus be determined by monitoring the absorbance of the complex at 510 nm. On the other hand, the potential of the Fe(III)/Fe(II) system becomes lower than that of V(V)/V(IV) system in the presence of diphosphate. 14 Hence, the oxidation of iron(II) with vanadium(V) (reaction (7)) easily takes place in the presence of diphosphate. In this case, the concentration of iron(II) produced should be lower than the initial concentration of iron(II), because of the consumption of iron(II) with vanadium(V). If the decrease in the iron(II) concentration is monitored by measuring the absorbance of the iron(II)-phen complex, a negative peak should be obtained in terms of the concentration of vanadium(V). A flow system for the simultaneous determination of vanadium(IV) and vanadium(V) is shown in Fig. 7 . The baseline absorbance is kept constant as a result of the complex formation of the iron(II)-phen complex in the reaction coil RC2. Figure 8 shows a successive merging profile of the sample solution with the iron(II, III), phen and diphosphate solutions when the sample and diphosphate solutions are injected into water and buffer streams, respectively. The phen stream merges into the front of a mixed sample zone, and reaction (10) proceeds in the RC2. The diphosphate zone which passes through the delay coil (C2) merges into the rear of the sample zone, and reaction (7) proceeds in the RC1. Thus, both positive and negative peaks are 906 ANALYTICAL SCIENCES SEPTEMBER 2000, VOL. 16 obtained by a single injection as shown in Fig. 9 . The calibration graphs for vanadium(IV) and vanadium(V) are linear in the range 1 × 10 -6 -2 × 10 -5 mol dm -3 , respectively, at a sampling rate of 30 h -1 (60 peaks h -1 ). The recovery of vanadium(IV) is found to be satisfactory even when a 100-fold excess of vanadium(V) is present, and vice versa.
4·2·3 Determinations of iron(III)/vanadium(V) and of iron(III)/chromium(VI)
Based on the same principle as in 4·2·2, an FI method has been proposed for the simultaneous determinations of binary systems of iron(III)/vanadium(V) and of iron(III)/chromium(VI) using the redox reactions (4), (7) and (10) . 33 Figure 10 shows a successive merging profile of the sample solution with reagent solutions. The phen stream merges into the front of a mixed sample zone, and the reduction of iron(III) with vanadium(IV) (reaction (10)) proceeds in RC2; a positive peak for iron(III) appears. The diphosphate zone, which passes through the delay coil, merges into the rear of the sample zone. The reduction of vanadium(V) (reaction (7)) or chromium(VI) (reaction (4)) with iron(II) proceeds in RC1. In other words, iron(II) is consumed during these reactions in RC1. The appearance of a negative peak for vanadium(V) or chromium(VI) follows after the positive peak. By monitoring the absorbance of the iron(II)phen complex at 510 nm, both positive (for iron(III)) and negative (for vanadium(V) or chromium(VI)) peaks are obtained by a single injection of a sample solution. Typical flow signals for the simultaneous determination of iron(III) and chromium(VI) are shown in Fig. 11 . The calibration graphs for iron(III) and vanadium(V) are linear in the range 1 × 10 -6 -2 × 10 -5 mol dm -3 , while the graph for chromium(VI) is slightly curved in the same concentration range. The RSD is less than 1% for ten determinations of 2 × 10 -5 mol dm -3 iron(III), vanadium(V) and chromium(VI), respectively. The method permits the analysis of 30 samples h -1 (60 peaks h -1 ).
4·3 FI determination of complexing agents and complexing capacity 4·3·1 Normal FI determination of complexing agents
As described above, the reduction of copper(II) with iron(II) (reaction (6)) proceeds slowly in the presence of neocuproine. In addition, complexing agents such as EDTA and diphosphate have been found to be effective for improving the end-point detection in the titration, because these ligands contribute to a decrease in the potential of the Fe(III)/Fe(II) system: copper(II) is easily reduced by iron(II) and the copper(I)-neocuproine complex is produced in the presence of these ligands. A spectrophotometric FI method was developed for the determination of trace amounts of complexing agents such as EDTA, DTPA, CyDTA, EDTA-OH, NTA, citrate and diphosphate. 34 It is based on the accelerating effect of complexing agents on the rate of the redox reaction (6) in the presence of neocuproine, producing the copper(I)-neocuproine complex.
The concentration of copper(I)-neocuproine is proportional to the concentration of the complexing agents. Complexing agents at the 10 -6 -10 -5 mol dm -3 concentration levels can be determined at a sampling rate of 180 h -1 . The normal FI method is applied to the successive determination of EDTA, NTA and diphosphate. The selective determination of EDTA is possible at pH 3 using a 10-cm long reaction coil. The 907 ANALYTICAL SCIENCES SEPTEMBER 2000, VOL. 16 selective determination of diphosphate is possible at pH 5.6 in the presence of zinc(II) for masking EDTA and NTA using a 1-m long reaction coil. The total amounts of these three complexing agents is determined at pH 5.6 using a 1-m long reaction coil. The recovery of each complexing agent is satisfactory. 4·3·2 Reverse FI method of complexing agents and a new procedure for complexing capacity with metal ions A reverse FI (r-FI) method was also developed for the determination of trace amounts of complexing agents, based on the same principle. 34, 35 The linear calibration graphs for EDTA, NTA, citrate and diphosphate are obtained in the range 2 × 10 -6 -1 × 10 -5 mol dm -3 with low RSDs%. By using this r-FI system, a new procedure for the measurement of complexing capacity (CC) with respect to various metal ions has been developed. 36, 37 Figure 12 shows a flow system for the estimation of CC. In the flow system EDTA and/or diphosphate solution is pumped as a model ligand in natural water. An aliquot of metal ion such as aluminium(III), zinc(II), lead(II) and indium(III) with acetate buffer is injected into the acetate buffer carrier stream. The accelerating effect of EDTA and/or diphosphate on the reduction of copper(II) with iron(II) is retarded by adding such metal ions. A decrease in absorbance at 454 nm corresponds to the concentration of each ligand in the presence of metal ion. By this phenomenon, the estimation of CC in natural water is possible. The effects of EDTA and diphosphate concentrations are examined by injecting 2 × 10 -5 mol dm -3 of each metal ion solution. Complexing capacities measured by using Al(III), Zn(II), Cd(II), Pb(II) and In(III) solutions are abbreviated as AlCC. ZnCC, CdCC, PbCC and InCC. The ZnCC, CdCC and PbCC values increases with increasing the concentration of EDTA and the AlCC value increased with increasing the concentration of diphosphate. The InCC is particularly interesting, because it is equally obtained for both EDTA and diphosphate. Therefore, the ZnCC, CdCC and PbCC values correspond to the aminopolycarboxylic acidtype ligands, while the AlCC value corresponds to the diphosphate-type ligands. It is emphasized that the InCC values represent both types of ligands. Flow signals for the CC of the mixed solutions of EDTA and diphosphate are shown in Fig. 13 . 36 The proposed method is evaluated by measuring the AlCC, ZnCC, CdCC and PbCC of both river and lake waters. 35 The results are in the same order as the CuCC values obtained by the extraction method. 37
4·4 FI determination of glucose based on the redox reaction of hydroquinone with iron(III) in the presence of phen
The determination of glucose has been widely used for analytical routine work in various fields such as clinical and microbiological laboratories, and in the foods industry. The enzyme reaction of glucose with quinone as an oxidant in place of oxygen takes place in an aqueous medium as follows:
Williams et al. 38 reported the determination of glucose by monitoring the electro-oxidation of hydroquinone. However, the response and recovery time of the enzyme electrode is too long for routine analysis in a clinical laboratory. Masoon and Townshend 39 developed the FI system for the determination of glucose with glucose oxidase immobilized on controlled porosity glass. The hydrogen peroxide produced by the enzyme reaction is detected by measuring the current produced in a flow-cell installed with two platinum electrodes. It is expected that the FI enzymatic method utilizing quinone as a redox mediator can be combined with a novel redox reaction to develop a new method of glucose analysis. We found that the oxidation reaction of hydroquinone with iron(III) easily proceeds to form the iron(II)-phen complex in the presence of phen. Thus, a new spectrophotometric FI method was proposed for the determination of glucose based on the redox reaction of hydroquinone with iron(III). 40 By passing a glucose solution containing quinone through the immobilized glucose oxidase column introduced in an FI system, quinone is reduced to hydroquinone by glucose. In the presence of phen, iron(III) is then quantitatively reduced to iron(II) by hydroquinone followed by the formation of the iron(II)-phen complex (λmax = 510 nm). An FI peak observed at 510 nm corresponds to the concentration of glucose. The wide dynamic range for glucose is obtained in the range of 1 × 10 -6 -1 × 10 -3 mol dm -3 at a sampling rate of 24 h -1 and the detection limit (S/N = 3) is 5 × 10 -7 mol dm -3 . The method is successfully applied to the determination of glucose in control blood sera, human blood plasma and wine. The results are shown in Tables 4 and 5 .
4·5 Potentiometric flow titration
In titrimetric analysis, we measure the volume of a substance of known concentration which is required just to react with an analyte in a sample solution. Many redox reactions have been used in titrimetry. However, these reactions are usually slow, although the applications are versatile in analytical chemistry. A promising approach toward more rapid throughput in titrimetry is the application of the FI technique. 12 Before the FI 908 ANALYTICAL SCIENCES SEPTEMBER 2000, VOL. 16 analysis was proposed, Blaedel et al. 41 reported continuous flow titration in which the flow rate of the titrant is changed to find a suitable end-point. In this method, a manual titration curve is needed to determine the end-point potential under particular conditions prior to analysis. Fleet et al. 42 proposed a gradient titration principle; the flow rates of the sample and the titrant streams are kept constant, the concentration of the titrant being increased in the form of a gradient. The resulting mixture of the titrant and the sample, forming a continuous stream, is monitored by an ion-selective electrode, which thus indicates the end-point of the titration. Ruzicka et al. 43 first introduced the FI analysis to titrimetric determination. They used peak width as a measure of the determination; the sample concentration is determined by comparing the peak width of a sample solution with that of a standard solution. Ishibashi and Imato and their coworkers [44] [45] [46] [47] reported the FI titration using the reaction of metal ion potential buffer such as Fe(III)/Fe(II) couple with a sample solution. For example, an ORP electrode and a stream of the Fe(III)/Fe(II) potential buffer solution containing bromide ion are used and a large transient potential change due to bromine generated by an oxidation reaction between bromide and chromium(VI) in the presence of iron(II) is monitored. 47 However, these methods require a calibration graph prepared by using a series of standard solutions. It is thus worthwhile to develop a new flow titration method without a calibration graph from the viewpoint of analytical chemistry. We developed new potentiometric flow titration methods of iron(II) with cerium(IV) and of chromium(VI) with iron(II) based on the relationship of the flow rates between titrant and sample solutions in place of the ratio of the two solution volumes. 48 The flow titration system consists of titrant and sample solutions. A sample solution is pumped at a constant flow rate and the potential value of the sample solution is monitored. Then, the flow rate of a titrant solution is stepwise increased as if the solution is dropped from a burette. The potential value is recorded at each flow rate and a differential point at the end-point is calculated. The flow rate of titrant at the end-point is obtained as the inflection point from the differential curve. The concentration of the sample is calculated by the following equation.
Here CS, CT, RS, and RT are the unknown sample concentration,
---------RS (ml min -1 ) the titrant concentration in the reservoir, the constant flow rate of the sample solution, and the flow rate of the titrant solution at an inflection point, respectively. Titration curves for iron(II) with cerium(IV) and for chromium(VI) with iron(II) are shown in Fig. 14. The flow titrimetric method of chromium(VI) with iron(II) is successfully applied to the determination of chromium in high carbon ferrochromium with good recovery and repeatability.
Redox System with Ligand Effect as an Indicator Reaction in Kinetic-Catalytic Method
Catalytic reactions have been applied to trace analyses for various elements because of their sensitivity, low limit of detection and selectivity and numerous batch and FI methods have been reported for the kinetic-catalytic determination of trace elements. 49, 50 Most indicator reactions used in the kineticcatalytic methods are redox reactions of various organic substances in which a catalyst (C), usually a multivalent ion, changes its oxidation state to form C′ during the reaction in a cyclic manner. The rapid regeneration of C leads to the catalytic formation of the product P in an indicator reaction. Thus small amounts of C even at sub-nanogram amounts can be determined by monitoring the rate of formation and/or some characteristic property of P such as absorbance, fluorescence, chemiluminescence, or electrode potential of a system. We developed a new indicator reaction for the kinetic-catalytic determination of copper(II). At first, the effect of phen on the redox reaction of cysteine with iron(III) was potentiometrically studied. 51
A remarkable potential break for the titration of cysteine with iron(III) at 50˚C is obtained in the presence of phen, although no potential break is observed in the absence of phen. Reaction (18) completely proceeds in the presence of phen, but the reaction at room temperature is very slow. We predicted that copper(II) would catalyze this redox reaction. Although there are several possible mechanisms, the following pathway, which mainly permits the experimental observations, is thought to proceed in the copper(II)-catalyzed reaction:
2cysteine + 2Cu(II) → cystine + 2Cu(I) Table 5 Determination of glucose in human blood plasma and wine a. Without deproteinization. b. All values were obtained by the standard addition method. Average of five determinations c. The normal value of glucose in human blood plasma is 3.9 -5.6 mmol l -1 . d. Analytical value obtained by the GOD method is 13.2 mmol l -1 .
Sample a Glucose found/mmol l -1 b
Plasma 
Fe(II) + phen → Fe(II)-phen.
Copper(I) produced by reaction (19) should reduce iron(III) to iron(II) because the equilibrium constant of the redox reaction of copper(I) with iron(III) is calculated to be 10 10.5 from both standard redox potentials of the Cu(II)/Cu(I) and Fe(III)/Fe(II) systems. 13 In other words, copper(I) is oxidized again by iron(III) to copper(II) which participates in reaction (19) . Iron(II) produced by reaction (20) reacts with phen to form the iron(II)-phen complex (reaction (21) ) in proportion to the concentration of copper(II) injected into a flow system. Thus, trace amounts of copper(II) can be determined by measuring the absorbance of the iron(II)-phen complex produced. The flow system for the catalytic determination of copper(II) is shown in Fig. 15 . Though the calibration graph in the concentration range 2 -10 ng ml -1 displayed downward curvature, a linear graph is obtained over the range 0.1 -2 ng ml -1 copper(II): A = 0.0501C with a correlation coefficient of 0.999 where A is the absorbance and C is the concentration of copper(II) in ng ml -1 . The relative standard deviation is 1.0% for ten determinations (1 ng ml -1 copper(II)). The detection limit (S/N = 3) is 0.04 ng ml -1 , and the sampling rate is 30 h -1 . Table 6 summarizes the tolerance limits for foreign ions on the determination of 2 ng cm -3 copper(II). Iron(III) did not interfere even when present in 250-fold excess (500 ng cm -3 ), although most catalytic methods for copper determination [52] [53] [54] [55] [56] are subject to interference from a few hundred-fold excess of iron(III). The method is applied to the determination of copper in river water as certified reference material (spiked) issued by the Japan Society for Analytical Chemistry. The results obtained by both calibration and standard addition methods are in good agreement with the certified value (Table 7) . (1), titration curve; (2), differential curve. Fig. 15 Flow system for the catalytic determination of copper(II). C, carrier solution (HNO3, 1.0 × 10 -2 mol dm -3 ); R1, cysteine (1 × 10 -3 mol dm -3 ) + acetate buffer (0.1 mol dm -3 , pH 4.8); R2, iron(III) (2 × 10 -3 mol dm -3 ); R3, phen (4 × 10 -3 mol dm -3 ); P1 and P2, pump; V, six-way valve (200 µl); RC1, RC2 and RC3, reaction coil; D, detector; Rec, recorder; W, waste. Table 6 Effect of foreign ions on the determination of 2 ng ml -1 copper(II)
An error of ±5% is considered to be tolerable.
Tolerance limit/ ng ml -1 Ion or compound added
